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We present biochemical evidence for an intercellular 
signal transduction pathway in B. subtilis. This path- 
way governs the conversion of the proprotein pro-8 
to the mature transcription factor crE. Proteolytic pro- 
cessing is mediated by the membrane protein SpollGA 
and is triggered by the inferred extracellular signal pro- 
tein Spollf?. A factor in conditioned medium from 6. 
subtilis cells engineered to produce SpollR during 
growth triggered processing in protoplasts of B. subti- 
lis cells that had been engineered to produce SpollGA 
and pro&. The factor was also detected in, and par- 
tially purified from, extracts of SpollR-producing cells 
of E. coli. We speculate that SpollGA is both a receptor 
and a protease and that SpollR interacts with SpollGA 
on the outside of the cytoplasmic membrane, activat- 
ing the intracellular protease domain of SpollGA. 
Introduction 
Spore formation in the soil bacterium Bacillus subtilis 
takes place in a sporangium consisting of two cellular com- 
partments known as the forespore and the mother cell 
(Losick et al., 1986; Piggot and Coote, 1976). The compart- 
ments are generated by the formation of an asymmetri- 
cally positioned (polar) septum that partitions the sporan- 
gium into the small (forespore) and large (mother cell) 
compartments. Initially, the compartments lie side by side, 
but later in development the forespore becomes engulfed 
by, and is eventually wholly pinched off within, the mother 
cell to create a cell within a cell. At both morphological 
stages, gene expression is regulated differentially be- 
tween the compartments, with certain genes being ex- 
pressed selectively in the forespore and others in the 
mother cell. This differential gene expression is controlled 
in two phases by the action of four principal compartment- 
specific transcription factors (Errington, 1993; Losick and 
Stragier, 1992). These are the RNA polymerase o factors 
eF, eE, dG, and oK. In the early phase, when the sporangial 
compartments lie side by side, gene transcription in the 
forespore and the mother cell is governed by oF and crE, 
respectively. Later in development, when the forespore 
has been engulfed by the mother cell, oG and eK become 
the principal determinants of gene transcription in thefore- 
spore and the mother cell, respectively. Thus, as morpho- 
genesis progresses the compartments follow two parallel 
but dissimilar lines of gene expression, involving the suc- 
cessive action of oF and dG in the forespore and dE and 
dK in the mother cell. 
Although each compartment follows its own program of 
cellular differentiation, the forespore and mother cell lines 
of gene transcription do not proceed wholly independently 
of one another. Rather, gene transcription in the mother 
cell is tied to events in the forespore by two different signal 
transduction pathways operating at late (Cutting et al., 
1990) and early (Karow et al., 1995; LondoAo-Vallejo and 
Stragier, 1995; Losick and Stragier, 1992; Margolis et al., 
1991) stages of morphogenesis. The late-stage pathway 
involves the coupling of the appearance of qK in the mother 
cell totheactionofoGin theforespore(Cuttingetal., 1990). 
This coupling is mediated at the level of the conversion of 
an inactive proprotein form of eK (pro-#) to the mature 
form of the transcription factor (Cutting et al., 1990; Kroos 
et al., 1989; Lu et al., 1990). 
The early-stage pathway, and the subject of the present 
communication, involves the appearance of the mother 
cell transcription factor dE, which like crK is derived by pro- 
teolytic cleavage from an inactive proprotein (pro-oE; La- 
Bell et al., 1987) bearing an NH&erminal extension of 27 
amino acids (Miyao et al., 1993). Pro& is encoded by 
the promoter-distal member (spo//GB) of the two-cistron 
spa//G operon (Stragier et al., 1984; Trempyet al., 1985a), 
the upstream member of which (spa//GA) is inferred to 
encode the pro-&processing enzyme (SpollGA) (Jonas 
et al., 1988; Stragier et al., 1988). SpollGA is an integral 
membrane protein (Peters and Haldenwang, 1991; Stra- 
gier et al., 1988) and its amino acid sequence exhibits 
limited similarity to certain proteases (Masuda et al., 1988; 
Stragier et al., 1988). Additional evidence that SpollGA 
is the pro-crE-processing enzyme comes from the recent 
isolation of an allele of spa//GA that suppresses pro- 
cessing-negative mutations in the pro-oE gene (Peters and 
Haldenwang, 1994). Synthesis of pro-GE and SpollGA 
commences shortly after the start of sporulation in the 
predivisional sporangium (that is, prior to the formation 
of the polar septum). Nonetheless, proprotein processing 
does not take place until afterseptation (Beall and Lutken- 
haus, 1991; Stragier et al., 1988; Trempy et al., 1985b). 
Because oE-directed gene transcription is restricted to the 
mother cell (Driks and Losick, 1991) an attractive hypothe- 
sis is that pro-GE processing is confined to the large com- 
partment of the postseptation sporangium, although this 
has not been experimentally verified (see Discussion). 
In addition to the putative protease SpollGA, pro-# pro- 
cessing is known to require the product of a recently dis- 
covered gene called spol/R (or csrx) under the control of oF 
(Karow et al., 1995; LondoAo-Vallejo and Stragier, 1995). 
Experiments in which spollR was placed under the control 
of an isopropyl-p-p-thiogalactopyranoside (IPTG)-induc- 
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Figure 1. Pro-@ Processing in Protoplasts from Cells Engineered to 
Synthesize SpollGA and Pro-oE 
Protoplasts were generated from recipient cells of strain AH17 engi- 
neered to produce both SpollGA and pro-oE (lanes a, b, and c) or cells 
of strain AH16 engineered to produce pro-@ alone (lane d) during 
growth as described in Experimental Procedures. The protoplasts 
were incubated at 37°C for 60 min with conditioned medium from 
cultures of donor strain AH1 8 (lanes b, c, and d) or the congenic spollR 
deletion mutant strain AH14 (lane a), which had been engineered to 
synthesizeoFduringgrowth.ThefigureshowsaWestern blotofprotein 
from protoplasts subsequent to incubation with conditioned medium 
that had been subjected to SDS-PAGE and analyzed with a mono- 
clonal antibody that binds to both pro-oE and 19, as described in Experi- 
mental Procedures. 
ible promoter have further shown that spa//R is the only 
oFcontrolled gene whose product is needed for SpollGA- 
mediated proteolysis of pro-oE (LondoAo-Vallejo and Stra- 
gier, 1995). The presence of a putative signal sequence 
at the NHn-terminus of SpollR (Karow et al., 1995) is con- 
sistent with the idea that SpollR is secreted from across 
the forespore membrane, where it could interact with and 
activate SpollGA in the mother cell membrane. Thus, this 
early-stage pathway is believed to consist of four compo- 
nents: oF, SpollR (the putative signal or the signal- 
generating protein), SpollGA (the inferred protease), and 
pro6. 
Here we present biochemical evidence indicating that 
SpollR is an extracellular signaling protein that triggers 
SpollGA-mediated processing of pro-oE. We show that a 
spa//R-dependent factor (presumably SpollR itself) pres- 
ent in conditioned medium from a culture of 6. subtiliscells 
that have been engineered to produce oF during growth 
is capable of triggering processing in protoplasts derived 
from B. subtilis cells engineered to produce pro-@ and 
SpollGA during growth. We also show that SpollR pro- 
duced in Escherichia coli is sufficient to trigger processing 
in protoplasts as well as in living B. subtilis cells that have 
been engineered to produce SpollGA and pro-oE during 
growth. These findings are consistent with the idea that 
SpollR triggers processing by acting at the outside surface 
of the membrane. We suggest that SpollGA is a receptor/ 
protease that interacts with SpollR on the outside surface 
of the mother cell membrane, thereby transducing a signal 
that activates its cytoplasmic protease domain. 
Results 
Assay for a Factor Promoting Prod Processing 
in Protoplasts 
The starting point for our investigation was the observation 
of Shazand et al. (1995) that pro-oE is converted to ma- 
ture oE in B. subtilis cells engineered to express both the 
spollAC gene, which encodes oF, and the spollG operon, 
which encodes pro-oE and its putative processing enzyme 
SpollGA, during vegetative growth. We reasoned that if 
processing is governed by an intercellular pathway, then 
in the cells of Shazand et al. (1995), oF was directing the 
synthesis of a protein that was secreted across the cyto- 
plasmic membrane, allowing the secreted protein to inter- 
act with and activate SpollGA from outside the cyto- 
plasmic membrane. To investigate this possibility, we 
devised an assay for processing involving two kinds of 
genetically engineered B. subtilis cells: donor cells, which 
were engineered to produce oF in response to the lactose 
repressor inducer IPTG, and recipient cells, which were 
engineered to produce pro-oE and SpollGA, also in re- 
sponse to IPTG. To maximize responsiveness to the se- 
creted protein from the donor cells, we treated the recipi- 
ent cells with lysozyme to remove their cell wall. 
Figure 1 and the time course experiment shown in Fig- 
ure 2A show the results of experiments in which condi- 
tioned medium from a culture of donor cells was incubated 
with protoplasts of the recipient cells. Processing was 
monitored by Western blot analysis using a monoclonal 
antibody that binds to both oE and pro-oE (generously pro- 
vided by W. Haldenwang; Trempy et al., 1985b). As can 
be seen in Figures 1 b and 1 c and Figure 2A, conditioned 
medium from the donor cell culture caused the appear- 
C Figure 2. Time Course of the Conversion of 
Pro-~+ to Mature oE in Protoplasts 
The figure shows a Western blot of protein from 
recipient protoplasts of strain AH1 7 after incu- 
bation at 37% for the indicated times with con- 
ditioned medium from cultures of the donor 
strain AH18 that had (A and B) or had not (C) 
been induced for 19 synthesis during growth. 
Proteins were subjected to SDS-PAGE, and 
Western blot analysis was carried out with ei- 
ther a monoclonal antibody that binds to both 
pro-oEand oE(A)oraffinity-purified anti-peptide 
antibody (B and C), as described in Experimen- 
tal Procedures. A control Western blot analysis 
with the monoclonal antibody (data not shown) 
demonstrated that pro-r9 couid be detected in 
protein from the experiment in (C). 
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Figure 3. An Affinity-Purified Anti-Peptide Antibody That Is Specific 
for Mature oE 
The figure shows Western blots of purified &containing RNApolymer- 
ase (lanes a and c) and an extract of 6. subtilis cells engineered to 
produce pro-oE during growth (lanes b and d) that were subjected to 
SDS-PAGE and analyzed with either a monoclonal antibody that binds 
to both pro& and cE (lanes a and b) or an affinity-purified anti-peptide 
antibody (lanes c and d). Details of preparation and affinity purification 
of the anti-peptide antibody are given in Experimental Procedures. 
ante in the recipient cells of an antibody-reactive polypep- 
tide that was slightly smaller than pro-oE. In other experi- 
ments (data not shown), the electrophoretic mobility of this 
species was found to be indistinguishable from that of 
bona fide crE. The conversion of pro-GE to a species with 
the mobility of mature oE required the presence of the 
putative processing enzyme SpollGA, in that no cE could 
be detected in protoplasts from recipient cells that were 
engineered to produce pro-oE alone (that is, cells express- 
ing only the pro&encoding member, spo//GB, of the 
spa//G operon; Figure Id). Also, no conversion was ob- 
served in protoplasts from pro-GE- and SpollGA-producing 
cells that were incubated with buffer ratherthan with condi- 
tioned medium (data not shown) or with conditioned me- 
dium from donor cells that had not been treated with IPTG 
(see Figure 2C; data not shown). 
To investigate more stringently the nature of the oE-like 
species generated in the recipient protoplasts, we at- 
tempted to raise antibodies that would recognize mature 
cE but not pro-GE. To do this, we prepared antibodies 
against a synthetic peptide corresponding to the first six 
amino acids, YIGGSE, at the NHP-terminus of mature cE 
(C. Moran, personal communication; Adams et al., 1991; 
Miyao et al., 1993), reasoning that the free NHn-terminus 
of the peptide would provide an epitope not present in 
pro-cE. Indeed, anti-YIGGSE antibodies that had been af- 
finity purified recognized mature oE present in purified 
dE-containing RNA polymerase (kindly provided by C. 
Moran), but not pro-oE (Figures 3c and 3d). In contrast, 
the monoclonal antibody recognized both dE and pro-oE 
(Figures 3a and 3b). (Note that the signal was stronger in 
lane b than in lane a of Figure 3 because severalfold more 
pro-GE was present in lane b [and d] than cE in lane a [and 
cl.) The time course experiment of Figure 28 shows that 
the anti-peptide antibodies recognized a polypeptide with 
the mobility of cE present in protoplasts that had been 
treated with conditioned medium. Little or no such anti- 
body-reacting polypeptide was present in protoplasts that 
were treated with conditioned medium from donor cells 
that had not been induced with IPTG (Figure 2C). (As a 
control, the same samples were found to contain pro-oE 
Figure 4. Extracts of SpollR-Producing E. coli Cells Promote Pro-oE 
Processing in Protoplasts of Recipient 6. subtilis Cells 
The figure shows a Western blot of protein from recipient protoplasts 
of strain AH17 after incubation at 37% for 60 min with extracts from 
E. coli cells of strain AH9 that had been induced for expression of 
spa//R in the expression plasmid pAH1 (lane a) or with extracts from 
cells of strain AH11 containing an expression plasmid (pCRII) that 
lacked spol/R (lane b), as described in Experimental Procedures. Pro- 
teins were subjected to SDS-PAGE and Western blot analysis with 
a monoclonal antibody that binds to both pro& and oE, as described 
in Experimental Procedures. 
using the monoclonal antibody [data not shown].) We con- 
clude that the oE-like polypeptide was generated by pro- 
teolysis at or near the cleavage site that creates bona 
fide cE. 
The Processing-Promoting Factor Is SpollR 
An obvious candidate for the processing-promoting factor 
was the spo/lR (or csfX) gene product, which has been 
shown to be sufficient for triggering SpollGA-dependent 
pro-cE processing (Londoiio-Vallejo and Stragier, 1995) 
and which contains a putative NHP-terminal signal se- 
quence (Karow et al., 1995). To investigate this possibility, 
we prepared conditioned medium from a culture of 
oF-producing cells that were mutant for spol/R. Based on 
the observation that the conditioned medium failed to stim- 
ulate processing of pro-oE in protoplasts of recipient cells 
(Figure la), we conclude that the processing-promoting 
factor was SpollR or was dependent upon SpollR. 
As a direct test of whether the processing factor was 
SpollR, a cloned copy of the gene was placed under the 
control of an inducible promoter and introduced on a plas- 
mid into E. coli. Figure 4 shows that an extract from E. 
coli cells harboring the spa//R-bearing plasmid, but not an 
extract from cells harboring a plasmid that lacked spol/R, 
promoted pro-GE processing. Efforts to enrich for SpollR 
by selective extraction of proteins in the periplasm of E. 
coli were unsuccessful, leading us to infer that under the 
conditions used for spo/lR expression secretion into the 
periplasm was inefficient. 
SpollR Triggers Pro-GE Processing in Intact Cells 
Microscopic examination revealed that the protoplasts 
used in our assay for processing had largely ruptured into 
“ghosts” during the course of the incubation period with 
conditioned medium or SpollR from E. coli. It was therefore 
not possible to conclude that SpollR was activating Spol- 
IGA from the outside surface of the membrane (as would 
be expected if it is an intercompartmental signal protein). 
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Figure 5. SpollR Triggers Pro-oE Processing in Intact Cells 
The figure is a Western blot analysis of pro-oE processing in protoplasts 
(A) and intact cells (6) of the B. subtilis strain AH17 engineered to 
produce SpollGAand pro& during growth. Protoplasts and cells were 
incubated at 37OC for the indicated times with extracts from SpollR- 
producing cells of E. coli strain AH9, as described in Experimental 
Procedures. Proteins were subjected to SDS-PAGE and Western blot 
analysis wrth a monoclonal antibody that binds to both pro& and oE, 
as described in Experimental Procedures. Material in the position of 
oE in the 8 min track of (B) was an artifact of the SDS-PAGE, as 
indicated by the results of other electrophoretic analyses. The delay 
in pro& processing observed in intact cells (6) was confirmed in an 
independent experiment. 
To investigate this issue further, we determined whether 
SpollR was capable of stimulating processing in intact 
cells. Phase-contrast microscopy showed that, over the 
course of a 60 min incubation of recipient cells that had 
not been treated with lysozyme with an extract of SpollR- 
producing E. coli cells, little or no lysis had occurred and, 
as an indication of continued viability, more than 90% of 
the cells exhibited high motility at the end of the incubation 
period. Samples from the incubation mixture of SpollR- 
containing extract and intact recipient cells were with- 
drawn at the times indicated in Figure 5 and subjected 
to Western blot analysis. For comparison, an incubation 
mixture of SpollR-containing extract and recipient cells 
that had been rendered into protoplasts was analyzed in 
parallel. The results show that extensive processing oc- 
curred in both the protoplasts (Figure 5A) and the whole 
cells (Figure 5B), although processing in the intact whole 
cells commenced about 10 min later than in the proto- 
plasts. The 10 min delay could indicate that the cell wall 
was a permeability barrier to SpollR, impeding its ability 
to penetrate to the cytoplasmic membrane. The finding 
that intact cells, which remained viable over the course 
of the incubation period, were capable of responding to 
SpollR is a strong indication that SpollR either acts from 
the outside surface of the cytoplasmic membrane or (as 
seems less likely) is capable of being taken up by whole 
cells, in which case it could activate SpollGA from within 
the cell. 
Partial Purification of SpollR from E. coli 
To characterize SpollR further, we partially purified the 
processing-promoting protein from extracts of E. coli by 
ultracentrifugation, ion exchange chromatography, am- 
monium sulfate precipitation, and gel filtration (see Experi- 
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Figure 6. Gel Filtration of Enriched Processing-Promoting Activity 
from E. coli 
(A) indicates where pro-@ processing-promoting activity elutes 
(closed bar) on a Superdex 75 gel filtration column in relation to the 
molecular mass markers (open circles) thyroglobulin (670 kDa), 
y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and 
vitamin B12 (1.35 kDa). 
(B) shows a Western blot analysis of pro& processing in recipient 
protoplasts of strain AH17 after incubation with the combined fractions 
37 and 38, 39 and 40, 41 and 42, 43 and 44, 45 and 48, 47 and 48, 
49 and 50, and 51 and 52 that had been concentrated IO-fold by 
ultrafiltration. The pro-oE processing assays were performed at 37°C 
for 60 min. Proteins were subjected to SDS-PAGE and Western blot 
analysis with a monoclonal antibody that binds to both pro-r? and cE, 
as described in Experimental Procedures. 
mental Procedures). The enriched processing-promoting 
activity eluted from the gel filtration column with an appar- 
ent molecular mass greater than 160 kDa. In protoplast 
assays of fractions from the column, processing-promot- 
ing activity was recovered exclusively at an elution volume 
slightly ahead of the position at which r-globulin was found 
to elute (data not shown). Evidently, SpollR as purified 
from E. coli aggregates (perhaps nonspecifically) into a 
high molecular mass complex. The complex is stable in 
that when material in pooled fractions 41-44 from the gel 
filtration was concentrated by ultrafiltration with Centricon 
30 and again subjected to gel filtration, processing- 
promoting activity was recovered at the original elution 
volume (Figure 6). Analysis by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) indicated that our E. coli ex- 
pression system produced SpollR inefficiently and that 
SpollR constituted only a small proportion of the protein 
even after the gel filtration step of purification. 
Discussion 
We have demonstrated the presence of a processing- 
promoting factor in conditioned medium prepared from 
cultures of B. subtilis donor cells that had been engineered 
to produce oFduring growth. This factor, which was depen- 
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dent on the presence of an intact copy of the spollR gene 
in the donor cells, was capable of triggering the conversion 
of pro-oE to mature oE in protoplastsderived from 6. subtilis 
recipient Cells engineered to produce pro& and SpollGA 
during growth (the conversion being dependent on the 
presence of the putative processing enzyme SpollGA). 
Strong evidence that SpollR was the factor was obtained 
by the demonstration of the presence of the processing- 
promoting factor in, and its partial purification from, ex- 
tracts of E. coli cells that had been engineered to produce 
the sporulation protein. Importantly, SpollR synthesized 
in E. coli was not only capable of triggering processing in 
protoplasts, but also in intact pro-o’- and SpollGA- 
producing B. subtilis cells. This finding is significant be- 
cause it seems to indicate that SpollR is capable of trig- 
gering intracellular SpollGA-dependent processing from 
the outside of the cytoplasmic membrane. (In drawing this 
inference, we do not mean to exclude the possibility that 
SpollR, or a small molecule produced under its control at 
the cell surface, is imported across the cytoplasmic mem- 
brane, subsequently activating SpollGA from inside the 
cell.) 
In combination with previous observations indicating 
that SpollFi resembles a secreted protein (Karow et al., 
1995; Londofio-Vallejo and Stragier, 1995), that spa//R is 
underthecontrol of oF(Karow et al., 1995; Londofio-Vallejo 
and Stragier, 1995), and that OF-directed gene transcrip- 
tion is restricted to the forespore (see especially Harry et 
al. [1995]), our present results indicate that SpollR is an 
extracellular signaling molecule that is produced within 
and exported from the forespore and that it directly or 
indirectly activates SpollGA, thereby triggering proprotein 
processing in the mother cell. We further suppose that 
SpollGA is both a receptor and a protease. We speculate 
that this integral membrane protein is a receptor that inter- 
acts with SpollR (or, conceivably, with a small molecule 
ligand enzymatically produced under the control of SpollR 
at the cell surface) in the region located outside of the 
cytoplasmic membrane. Interaction with the ligand would 
activate the cytoplasmic protease domain of the receptor/ 
protease. The discovery that SpollGA-mediated pro- 
cessing occurs efficiently in broken protoplasts indicates 
good prospects for solubilizing and purifying the receptor/ 
protease and, hence, investigating whether and how inter- 
action with SpollR triggers the proteolytic processing of 
pro-oE to mature oE. 
Evidence indicating that SpollR is an extracellular sig- 
naling protein that triggers SpollGA-mediated processing 
in the mother cell leaves unanswered the question of how 
oE activity is confined to the mother cell. Synthesis of 
pro-8 and SpollGA commences prior to formation of the 
sporulation septum. Hence, both proteins could be ex- 
pected to be present in both compartments of the postsep- 
tation sporangium. Therefore, SpollR in the intermem- 
brane space could in principle interact with SpollGA in 
both the mother cell and the forespore membranes, which 
would lead to pro-& processing in both compartments. 
Since oE activity is confined to the mother cell, the proteo- 
lytic activity of SpollGA could be inhibited in the forespore, 
or some mechanism could exist to inactivate oE in the 
forespore (Shazand et al., 1995). Alternatively, SpollR se- 
creted across the forespore membrane could act direction- 
ally only on SpollGA located in the mother cell membrane 
(Margolis et al., 1991). For example, if the forespore and 
mother cell membranes are in close association, then per- 
haps direct interaction between the secretory apparatus 
and SpollGA in the opposing membrane could channel 
SpollR to SpollGA in the mother cell membrane. 
The pro-GE pathway is analogous to a parallel intercellu- 
lar signal transduction pathway that operates at a late 
stage of spore development. This late-acting pathway co- 
ordinates proteolytic activation of pro-OK in the mother cell 
with oG-directed gene expression in the forespore (Cutting 
et al., 1990, 1991; Lu et al., 1990; Riccaet al., 1992). The 
pro& pathway consists of a putative membrane-bound 
protease (SpolVFB), a putative signal protein (SpolVB) 
that is produced in the forespore under the control of oF, 
and two negatively acting proteins (BofA and SpolVFA) 
that inhibit activity of the protease. The pathways are simi- 
lar in that a protein (SpollR in the pro-GE pathway and 
SpolVB in the pro& pathway) bearing an NH&erminal 
signal synthesized in the forespore triggers the proteolytic 
activation of a proprotein transcription factor in the mother 
cell via a membrane-bound protease. Despite these paral- 
lels and the strong sequence similarities of the two propro- 
tein transcription factors pro-c+ and pro-OK, the pathways 
seem to differ in the way that they regulate their putative 
proteases. While SpollGA is initially inactive and requires 
SpollR for activation, SpolVFB seems to be held inactive 
by BofA and SpolVFA. Therefore, the signaling protein 
SpolVB is thought to function in overcoming the inhibitory 
effect of BofA and SpolVFA. The pathways also differ in 
their apparent biological functions. The pro-GE pathway 
seems to be part of the mechanism for ensuring that 
GE-dependent gene expression is restricted to the mother 
cell. The pro-# pathway plays no such function, in that 
the synthesis of pro-OK and its putative processing enzyme 
is confined to the mother cell (being under the control 
of oE). Rather, the pro-# pathway is a timing device (a 
developmental checkpoint) that coordinates the appear- 
ance of oK with oG-directed gene expression in the fore- 
spore. 
Finally, we draw attention to two examples in eukaryotic 
cells of signal transduction pathways that regulate gene 
expression at the level of proprotein processing. These are 
the pathways governing the activation of the mammalian 
transcription factors NF-KB (Palombella et al:, 1994) and 
the sterol-regulatory element-binding protein 1 (SREBP-1) 
(Wang et al., 1994). NF-KB is a heterodimer that consists 
of the subunits ~50 and ~65. The ~50 subunit is derived 
from an inactive precursor known as ~105. A variety of 
extracellular signals activate a signal transduction path- 
way that leads to the phosphorylation of ~105. This modifi- 
cation, in turn, results in ubiquitination of the COOH-ter- 
minus of ~105 and its subsequent proteolytic cleavage by 
the proteasome to generate ~50. SREBP-1 is derived from 
a 125 kDa precursor that is attached to the nuclear enve- 
lope and endoplasmic reticulum. In sterol-depleted cells, 
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the membrane-bound precursor is cleaved to generate a 
soluble NHn-terminal fragment of 66 kDa that translocates 
to the nucleus, where it activates transcription. Both the 
NF-KB subunit ~50 and SREBP-1 are generated from con- 
spicuously larger proprotein precursors. Perhaps addi- 
tional examples of proprotein transcription factors exist 
that have so far escaped detection because, like oE and 
oK, they are derived from precursors that are only slightly 
larger than the mature factor. If so, then the control of 
gene expression through signal transduction pathways 
operating at the level of proteolytic activation of transcrip- 
tion factors could be more prevalent than has so far been 
anticipated. 
Experimental Procedures 
Plasmids and Strains 
The expression vectors pDG178 and pDG150 (Stragier et al., 1988) 
contain the entire spa//G operon and the .spollGB gene alone, respec- 
tively, downstream of the IPTG-inducible spat promoter (Yansura and 
Henner, 1984). The recipient strain AH1 7 used in the pro-oEprocessing 
assay was created by introducing pDG178 into the B. subtilis strain 
GP283. The control strain AH16 was created by introducing pDG150 
into GP283. GP283 (a gift of J. Pero of OmniGene) is auxotrophic for 
methionine and carries deletion mutations in the protease genes apr, 
nprf, &p-l, epr, bpr, mpr, and vpr, in addition to a deletion in the 
regulatory gene hpr and an amyE mutation. The donor strain AH18, a 
derivative of B. subtilis PY79 (Youngman et al., 1984), carries spo///Gd 7 
(Karmazyn-Campelli et al., 1989) and a fusion of spol/AC to the spat 
promoter (Schmidt et al., 1990). Strain AH14 is a derivative of AH18 
that in addition contains spo//Rd::kan (Londofio-Vallejo and Stragier, 
1995). 
Amplification of spa//R from genomic DNA of B. subtilis PY79 was 
achieved by polymerase chain reaction (PCR) (Saiki et al., 1988) using 
oligonucleotide primers complementary to the 5’ and 3’ untranslated 
regions of spa//R (synthesized by Bio-Synthesis) and Vent polymerase 
(New England Biolabs). Single deoxyadenosine nucleotides were 
added to the 3’ ends of the PCR product prior to cloning into pCRll 
(Invitrogen) by incubation with Taq polymerase (Promega) at 72°C for 
10 min. pAH1 was a derivative of pCRll that carried spa//R inserted 
downstream of the T7 promoter. AH9, the expression strain for spol/R 
under control of the T7 promoter, was created by transforming pAH1 
into E. coli BL’21(DE3) (Studier and Moffatt, 1986). The control strain 
AH1 1 was created by introducing the pCRll vector into BL21(DE3). 
General Methods 
Genomic DNA of 8. subtilis was isolated as described by Cutting and 
Vander Horn (1990). Plasmid preparations from E. coli were performed 
according to Birnboim and Doly (1979) and Ish-Horowitz and Burke 
(1981). Competent cells of B. subtilis were prepared and transformed 
by the method described by Dubnau and Davidoff-Abelson (1971). 
Competent cells of E. coli were prepared and transformed according 
to Sambrook et al. (1989). 
Recipient Cells and Protoplasts 
The recipient cells of strain AH1 7 (and of the control strain AH18) were 
grown at 37OC in 25 ml of LB medium supplemented with kanamycin 
(5 kg/ml) until the OD,, of the culture was about 0.3. At this time, 
SpollGA and pro& synthesis was induced with 1 mM IPTG. After 3 
hr, the cells were harvested by centrifugation (4000 x g for 5 min at 
room temperature) and resuspended in 10 ml of SMMP medium (20 
mM sodium maleate, 0.5 M sucrose, 20 mM MgClz [pH 6.51 in 2x 
Difco antibiotic medium numper 3). Cells were either used directly or 
protoplasts were prepared by addition of lysozyme (5 mglml; Sigma) 
and incubation at 37OC with gentle agitation. When the protoplasting 
efficiency was greater than 90%, as monitored by phase-contrast mi- 
croscopy, the protoplasts were harvested by centrifugation and care- 
fully resuspended in IO ml of SMMP medium. Protoplasts were either 
used immediately or quick-frozen in liquid nitrogen and stored at 
-7OOC for future use. Frozen protoplasts were thawed at 37°C. 
Donor Strains and Conditioned Medium 
Cultures of strain AH1 8 (and of strain AH1 4, which is mutant for SpO//R) 
were grown at 37OC in 25 ml of LB medium until the OD, had reached 
about 0.3, at which time oF synthesis was induced with 1 mM IPTG. 
Following 3 hr of induction, the cells were harvested by centrifugation 
(4000 x g for 5 min at 4OC). The conditioned medium was passed 
through a 0.2 wrn filter and subsequently concentrated 3-to IO-fold by 
ultrafiltration using CentripluslO (Amicon) following the recommended 
operating procedure. 
Synthesis of SpollR in E. coli and Preparation of Cell Extracts 
The E. coli expression strain was grown at 37OC in 25 ml of LB medium 
with added ampicillin (100 pglml) until the ODmo of the culture was 
approximately 0.6. At that time, T7 RNA polymerase synthesis was 
induced with 1 mM IPTG. After 2 hr, the cells were harvested bycentrif- 
ugation (4000 x g for 5 min at 4OC), washed once in 50 mM 3-(N- 
Morpholino)propanesulfonic acid (MOPS), 2 M NaCl (pH 7.0), and re- 
suspended in 2 ml of MOPS (pH 7.0) with phenylmethylsulfonyl fluoride 
(20 Kg/ml; Sigma). The cell suspension was frozen once in dry ice/ 
ethanol and thawed in cold water. RNase A (10 ug/ml; Sigma) and 
DNase I(5 Kg/ml; Sigma) were added, and the cells were completely 
disintegrated by sonication (three 1 min bursts and 2 min of cooling 
at 200 W). Cell debris was removed by centrifugation (10,000 x g for 
20 min at 4OC). Extracts were stored at 4OC and used within 2 days, 
since the pro-#-promoting activity was lost upon freezing and thawing 
under all conditjons tested. 
Pro-GE Processing Assay 
Whole ceils or protoplasts of recipient cells that had been induced 
for synthesis of SpollGA and pro& during vegetative growth were 
incubated with conditioned medium from donor cells of 8. subtilis that 
either had or had not been induced for oF synthesis during vegetative 
growth or with cell extracts of E. coli induced for SpollR synthesis. 
Recipient cells or protoplasts were routinely mixed with conditioned 
medium from donor cells or cell extracts of E. coli in a ratio of 1:3. 
After incubation at 37OC for 60 min or at different times of incubation, 
pro-oE processing was terminated and the bacteria were lysed by addi- 
tion of SDS gel loading buffer and subsequent heating to 100°C for 
5 min. The proteins were separated by SDS-PAGE on 12% polyacryl- 
amide gels and transferred to polyvinylidene fluoride membranes (lm- 
mobilon-P; Millipore) for subsequent immunological detection (see be- 
low). Gels were calibrated with prestained high range molecularweight 
standards (GIBCO BRL). 
Antibodies and Western Blot Analysis 
A monoclonal anti+ antibody that binds to both pro& and oE (Trempy 
et al., 1985b) was obtained from W. Haldenwang (UniversityofTexas). 
An antibody directed specifically against mature oE was produced 
by immunizing rabbits with a synthetic peptide, YIGGSE (synthesized 
by Chiron Mimotopes), corresponding to amino acids 28-33 of pro-@. 
The peptide was covalently coupled to diphtheria toxoid via a cysteine 
residue added to its COOH-terminus. The peptide-carrier conjugate 
was then injected into rabbits, at 100 nmol of peptide per injection, on 
day 1 using Freund’s complete adjuvant and on day 14 using Freund’s 
incompleteadjuvant.Theobtainedanti-peptideserum wasaffinitypuri- 
fied with the peptide bound to a thiopropyl-Sepharose 66 column. 
Western blot analysis was performed with anti-mouse immunoglob- 
ulin G (H plus L) or anti-rabbit immunoglobulin G (Fc) alkaline phospha- 
tase-conjugated antibodies using the ProtoBlot nitroblue tetrazolium 
and 5-bromo-4-chloro-3-indolylphosphate color development system 
(Promega). 
Partial Purification of SpollR from E. coli 
Extracts of E. coli cells that had been induced for SpollR synthesis 
(see above) were subjected to ultracentrifugation (100,000 x g for 
60 min at 4”C), and the supernatant thus obtained was applied to a 
Resource Q anion exchange column (6 ml; Pharmacia) equilibrated 
with 50 mM MOPS (pH 7.0) (buffer A). After washing with 10 bed 
volumes of buffer A, protein was eluted with a 75 ml linear gradient 
of O-O.5 M NaCl in buffer A. Fractions containing pro& processing- 
promoting activity (0.37-0.43 M NaCI, 10 ml) were combined and gen- 
tly stirred while adding solid ammonium sulfate to a final concentration 
of 3.6 M. The precipitate obtained after centrifugation (10,000 x g for 
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20 min at 4°C) was resuspended in 0.8 ml of buffer A, dialyzed twice 
against 1 I of buffer A for 1 hr, and subsequently chromatographed 
on a Superdex 75 gel filtration column (HiLoad 16/60 prep grade; 
Pharmacia)equilibratedwith buffer Acontaining 150 mM NaCLActivity 
eluted in a volume of 4 ml and was concentrated lo-fold by ultrafiltra- 
tion using Centriplus 30 (Amicon) before the rechromatography of Fig. 
ure 6. 
Acknowledgments 
We are grateful .to W. G. Haldenwang for monoclonal antibodies to 
oE, to J. Nathans for advice on the generation of anti-peptide antibody 
that would distinguish oE from pro&, and to P. Piggot and M. Karow 
for helpful discussions. This work was supported by National Institutes 
of Health grant GM18568 to Ft. L. and grants from the Centre National 
de la Recherche Scientifique (URA 1139) and the lnstitut National de 
la Sante et de la Recherche MBdicale (CRE 930111) to P. S. 
A. E. M. H. is a postdoctoral fellow of the Alexander von Humboldt 
Foundation. 
Received July 26, 1995; revised August 31, 1995. 
References 
Adams, L.F., Brown, K.L., and Whiteley, H.R. (1991). Molecular clon- 
ing and characterization of two genes encoding o factors that direct 
transcription from a Bacillos fhoringiensis crystal protein gene pro- 
moter. J. Bacterial. 773, 3646-3854. 
Beall, B., and Lutkenhaus, J. (1991). FtsZ in Bacillussubtilis is required 
for vegetative septation and for asymmetric septation during sporula- 
tion. Genes Dev. 5, 447-455. 
Birnboim, H., and Doly, J. (1979). A rapid alkaline extraction procedure 
for screening recombinant plasmid DNA. Nucl. Acids Res. 7, 1513- 
1523. 
Cutting, S., and Vander Horn, P.B. (1990). Geneticanalysis. In Molecu- 
lar Biological Methods for Bacillus, C.R. Harwood and S.M. Cutting, 
eds. (West Sussex, England: John Wiley & Sons), p. 65. 
Cutting, S., Oke, V., Driks, A., Losick, R., Lu, S., and Kroos, L. (1990). 
A forespore checkpoint for mother cell gene expression during devel- 
opment in 8. subtilis. Cell 62, 239-250. 
Cutting, S., Driks, A., Schmidt, R., Kunkel, B., and Losick, R. (1991). 
Forespore-specific transcription of a gene in the signal transduction 
pathway that governs pro& processing in Bacillus subtilis. Genes 
Dev. 5, 456-466. 
Driks, A., and Losick, R. (1991). Compartmentalized expression of a 
gene under the control of sporulation transcription factor oE in Bacillos 
subtilis. Proc. Natl. Acad. Sci. USA 88, 9934-9938. 
Dubnau, D., and Davidoff-Abelson, R. (1971). Fate of transforming 
DNA following uptake by competent Bad/us subtilis. J. Mol. Biol. 56, 
209-221. 
Errington, J. (1993). Bacillus subtilis sporulation: regulation of gene 
expression and control of morphogenesis. Microbial. Rev. 57, l-33. 
Harry, E., Pogliano, K., and Losick, R. (1995). Use of immunofluores- 
cence to visualize cell-specific gene expression during sporulation in 
Bacillus subtilis. J. Bacterial. 777, 3386-3393. 
Ish-Horowitz, D., and Burke, J.F. (1981). Rapid and efficient cosmid 
cloning. Nucl. Acids Res. 9, 2989-2998. 
Jonas, R.M., Weaver, E.A., Kenney, T.J., Moran, C.P., Jr., and Halden- 
Wang, W.G. (1988). The Bad//us subtilis spa//G operon encodes both 
oE and a gene necessary for oE activation. J. Bacterial. 770,507~51 I 
Karmazyn-Campelli, C., Bonamy, C., Savelli, B., and Stragier, P. 
(1989). Tandem genes encoding o-factors for consecutive steps of 
development in Bacillus subfilis. Genes Dev. 3, 150-157. 
Karow, L.M., Glaser, P., and Piggot, P.J. (1995). Identification of a 
gene, spo//Ff, which links the activation of oE to the transcriptional 
activity of oF during sporulation in Bacillus subtilis. Proc. Natl. Acad. 
Sci. USA 92, 2012-2016. 
Kroos, L., Kunkel, B., and Losick, R. (1989). Switch protein alters 
specificity of RNA polymerase containing a compartment-specific o 
factor. Science 243, 526-529. 
LaBelI, T.L., Trempy, J.E., and Haldenwang, W.G. (1987). Sporulation- 
specific o factor (Jo of Bacillus subfilis is synthesized from a precursor 
protein, P3’. Proc. Natl. Acad. Sci. USA 84, 1784-1788. 
Londofio-Vallejo, J.-A., and Stragier, P. (1995). Cell-cell signaling path- 
way activating a developmental transcription factor in BacHus subfilis. 
Genes Dev. 9, 503-508. 
Losick, R., and Stragier, P. (1992). Crisscross regulation of cell-type- 
specific gene expression during development in Bacillus subtilis. Na- 
ture 355, 601-604. 
Losick, R., Youngman, P., and Piggot, P.J. (1986). Genetics of endo- 
spore formation in Bacillus subfilis. Annu. Rev. Genet. 20, 625-669. 
Lu, S., Halberg, R., and Kroos, L. (1990). Processing of the mother-cell 
o factor, oK, may depend on events occurring in the forespore during 
Bad//us subtilis development. Proc. Natl. Acad. Sci. USA 87, 9722- 
9726. 
Margolis, P., Driks, A., and Losick, R. (1991). Establishment of cell 
type by compartmentalized activation of a transcription factor. Science 
254, 562-565. 
Masuda, E.S., Anaguchi, H., Yamada, K., and Kobayashi, Y. (1988). 
Two developmental genes encoding o factor homologs are arranged 
in tandem in Bacillus subtilis. Proc. Natl. Acad. Sci. USA 85, 7637- 
7641 
Miyao, A., Theeragool, G., Takeuchi, M., and Kobayashi, Y. (1993). 
Bacillus subtilis spoVf gene is transcribed by &associated RNA poly- 
merase. J. Bacterial. 775, 4081-4086. 
Palombella,V.J., Rando, O.J.,Goldberg,A.L.,and Maniatis,T. (1994). 
The ubiquitin-proteasome pathway is required for processing the NF- 
~61 precursor protein and the activation of NF-KB. Cell 78, 773-785. 
Peters, H.K., Ill, and Haldenwang, W.G. (1991). Synthesisand fraction- 
ation properties of SpollGA, a protein essential for pro-@ processing 
in Bacilhs subtilis. J. Bacterial. 773, 7821-7827. 
Peters, H.K., Ill, and Haldenwang, W.G. (1994). Isolation of aBacillus 
subtilis spa//GA allele that suppresses processing-negative mutations 
in the pro& gene (sigf). J. Bacterial. 776, 7763-7766. 
Piggot, P.J., andcoote, J.G. (1976). Geneticaspectsof bacterialendo- 
spore formation. Bacterial. Rev. 40, 908-962. 
Ricca, E., Cutting, S., and Losick, R. (1992). Characterization of bofA, 
a gene involved in intercompartmental regulation of pro+ processing 
during sporulation in Bacillus subtilis. J. Bacterial. 174, 3177-3184. 
Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, 
G.T., Mullis, K.B., and Erlich, H.A. (1988). Primer-directed enzymatic 
amplification of DNA with a thermostable DNA polymerase. Science 
239, 487-491. 
Schmidt, R., Margolis, P., Duncan, L., Coppolecchia, R., Moran, C.P., 
Jr., and Losick, R. (1990). Controlof developmental transcription factor 
oF by sporulation regulatory proteins SpollAA and SpollAB in Bacillus 
subtilis. Proc. Natl. Acad. Sci. USA 87, 9221-9225. 
Shazand, K., Frandsen, N., and Stragier, P. (1995). Cell-type specific- 
ity during development in Bacillus subtilis: the molecular and morpho- 
logical requirements for gE activation. EMBO J. 74, 1439-1445. 
Stragier, P., Bouvier, J., Bonamy, C., and Szulmajster, J. (1984). A 
developmental gene product of Bacihs subfilis homologous to the o 
factor of Escberichia co/i. Nature 372, 376-378. 
Stragier, P., Bonamy, C., and Karmazyn-Campelli, C. (1988). Pro- 
cessing of asporulation o factor in Bacillus subtilis: how morphological 
structure could control gene expression. Cell 52, 697-704. 
Studier, F.W., and Moffatt, B.A. (1986). Use of bacteriophage T7 RNA 
polymerase to direct selective high-level expression of cloned genes. 
J. Mol. Biol. 789, 113-130. 
Trempy, J.E., Bonamy, C., Szulmajster, J., and Haldenwang, W.G. 
(1985a). Bacillus subtilis o factor, o 2g, is the product of the sporulation- 
essential gene spa//G. Proc. Natl. Acad. Sci. USA 82, 4189-4192. 
Trempy, J.E., Morrison-Plummer, J., and Haldenwang, W.G. (1985b). 
Synthesis of oz9, an RNA polymerase specificity determinant, is a de- 
Cell 
226 
velopmentally regulated event in Bacillus subfilis. J. Bacterial. 761, 
340-346. 
Wang, X., Sato, R., Brown, MS., Hua, X., and Goldstein, J.L. (1994). 
SREBP-I, a membrane-bound transcription factor released by sterol- 
regulated proteolysis. Cell 77, 53-62. 
Yansura, D.G., and Henner, D.J. (1984). Use of the Escherichia colilac 
repressor and operator to control gene expression in Bacillus subfilis. 
Proc. Natl. Acad. Sci. USA 81, 439-443. 
Youngman, P., Perkins, J.B., and Losick, R. (1984). A novel method 
for the rapid cloning in Escherichiaco/iof i3acillossubtili.s chromosomal 
DNA adjacent to Tn977 insertions. Mol. Gen. Genet. 795, 424-433. 
